Non-invasive biometry of the anterior structures of the human eye can be performed with unprecedented precision of 8-10/~m and a resolution of ~9pm by partial coherence interferometry, which has the potential to assess the effect of cycloplegia on the ocular components of the anterior eye segment, to further improve the precision to 1-2/~m by the use of these agents and to quantify the amount of residual accommodations in different states of cycloplegia. In addition, the anterior chamber depth, the thickness of the crystalline lens, their changes during accommodation, as well as the movement of the anterior and posterior lens pole during accommodation can be quantified objectively and accurately to investigate the mechanism of accommodation. © 1997
INTRODUCTION
The precise knowledge of the dimensions of the anterior structures of the human eye has been of great ophthalmologic interest in recent decades. An accurate measurement of the anterior chamber depth does not only yield information about the sagittal growth and development of the human eye (Larsen, 1971a, b) , but is also needed, in combination with the axial eye length, for the determination of the power of intraocular lenses in cataract surgery (Boerrigter et al., 1985) . Several studies---cross sectional, longitudinal, and epidemiological in design--that measure the ocular components which influence the refraction of the human eye (Zadnik et al., 1992) have been performed. These examined the influence of cycloplegic drugs on these measurements (Mutti et al., 1994) and investigated the age-dependent loss of accommodative amplitude in presbyopia, the development of myopia, and the ageing of the crystalline lens as well as the mechanism of accommodation (Fledelius, 1981; Brown, 1974; Shum et al., 1993; Koretz et al., 1989) . It has been shown that the adult lens increases in sagittal length with age in a linear fashion (Koretz et al., 1989; Cook et al., 1994) . This increase with age in lens thickness at the pole is entirely due to an increase in thickness of the anterior and posterior cortex, while an increase in lens thickness at the pole during accommoda- tion is almost entirely due to thickening of the nucleus (Cook et al., 1994; Koretz et al., 1989; Brown, 1973) . Presently, optical pachymetry, A-scan ultrasonography as well as slit-lamp Scheimpflug photography are in clinical use for performing biometric measurements of the anterior eye segment. The first survey of non-invasive optical methods to measure the anterior chamber depth was published over 30 years ago (Bleeker, 1961) . In the past few years a new optical ranging technique, partial coherence interferometry (PCI), which is based on the optical coherencedomain reflectometry principle, was developed (Fercher & Roth, 1986) . This technique uses partially coherent light beams, i.e., light with short coherence length but high spatial coherence which is emitted by special superluminescent diodes. Two different versions of this technique have been reported: optical coherence tomography uses a classical interferometric set-up. It was used mainly for high resolution imaging of the retina (Huang et al., 1991; Schuman et al., 1995; Puliafito et al., 1995) , but also of the anterior eye segment (Izatt et al., 1994) . However, the classical interferometric set-up is rather sensitive to longitudinal eye motions. This makes it difficult to perform quantitative measurements of longer intraocular distances, such as anterior chamber depth, lens thickness, or the axial eye length. The dual beam version of PCI, on the other hand, is completely insensitive to longitudinal eye motions (Fercher & Roth, 1986) . Therefore, this technique can be used to measure short and long intraocular distances with inherent high precision, besides having the ability to obtain topographic and tomographic images of the human retina (Hitzenberger, 1991; Hitzenberger et al., 1993; Drexler et aE., 1995 Drexler et aE., , 1996 . Initial applications of dual beam PC1 to measure the anterior chamber depth and lens thickness as well as their changes during accommodation were recently reported (Baumgartner et aE., 1995) . An improved version of dual beam PCI, consisting of a fully computer controlled instrument capable of automatic transverse scanning, the scanning partial coherence interferometer (SPCI), as we have recently reported, performs measurements of the anterior structures of the eye with a precision micrometers (Drexler et al., 1996 (Drexler et al., , 1997 .
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MATERIALS AND METHODS
Scanning partial coherence inteeerometer
The basic principle of dual beam PC1 has been described in detail in previous papers (Hitzenberger, 199 1; Drexler et al., 1995) . It is used in connection with a special heterodyne detection technique, laser Doppler interferometry, to judge the coincidence of an intraocular distance with the interferometer arm length path difference of an external Michelson interferometer (Hitzenberger, 1991) . In case of path length coincidence, a Doppler frequency-modulated interference pattern is detected, which enables a very precise measurement of the corresponding intraocular distance. An improved instrument employing this technique, the SPCI, has also been described recently (Drexler et al., ,1997 . With this new instrument it is not only possible to measure intraocular distances parallel to the vision axis, but also at certain preselected angles between measurement direction and vision axis, or to perform linear or circular transverse scans consisting of several equidistant measurement points. The maximum scanning angle in horizontal and vertical direction is f25 deg, with a resolution of 20 angular seconds. Hence cornea thickness profiles, the anterior eye segment along the optical axis (Baumgartner et al., 1995; Drexler et aZ., 1997,) as well as topographic and tomographic images of the human eye fundus can be obtained with a high axial resolution and inherent precision (Drexler et al., , 1996 .
Another improvement implemented in the SPCI, is a special i&a-red superluminescent diode (SLD). This SLD (C86142E, EG&G, Canada) has a centre wavelength of 855 nm, a spectral bandwidth of about 25 nm (full width at half maximum) and a maximum output power of 5 mW. Its special advantage is that it produces no subsidiary signal peaks. These artefacts are side lobes of the coherence function of the light source and are caused by the modal structure of the emission spectrum of the diode. With previously used SLDs they occurred at multiples of the optical length of the laser crystal and could have been mistaken for signal peaks arising from intraocular distances (Baumgartner et al., 1995) . This possible error source, which was a problem especially for measurements of intraocular distances in the order of a few millimetres, as in the case of the anterior eye segment, has now been eliminated. The resolution of the SPCI is limited by the coherence length of the light source. In the case of the SLD used it is approximately 12-15 pm in air, i.e., -9 pm within the eye media (coherence length in air divided by the group refractive index of the respective medium).
Subjects and in vivo measurements
All the research and measurements followed the tenets of the Helsinki agreement; informed consent was obtained from all subjects in this study after the nature and possible consequences of the study had been explained.
As recently reported (Baumgartner et al., 1995; Drexler et aZ., 1997) , measurements of the anterior segment of the human eye have to be performed approximately parallel to the optical axis, i.e., at an angle of about 5 deg (temporal) to the vision axis (Obstfeld, 1982) , with a range of tolerance of approximately f2 deg, to achieve optimum detection of the interference fringes caused by the light beams reflected at the cornea and the anterior and posterior lens surfaces.
For stabilization of the vision axis, the eye measured had to fixate a green LED that was previously collimated towards infinity and adjusted coaxial to the 0 deg direction of the measuring beam. If only one signal peak from the lens, either from its anterior or its posterior surface, was detected at 5 deg to the vision axis, several measuring directions were tested subsequently, ranging from 3 deg temporal to 7 deg temporal in steps of 1 deg or from 2 deg inferior to 2 deg superior at 5 deg temporal in steps of 1 deg. In this way, a measuring direction enabling the detection of both lens surfaces simultaneously could be found in each case. Afterwards, a minimum of eight measurements were performed at this measuring angle. The signal peaks were analysed to determine the mean value and the standard deviation of the cornea1 thickness, the anterior chamber depth as well as the lens thickness.
To investigate the effect of cycloplegic agents, the anterior chamber depth and the lens thickness of three volunteer, healthy subjects-two myopic male (-1.75 and -4 D spherical equivalent (SE)) and one emmetropic female (-0.375 D SE)-were measured non-cycloplegic, after administration of two different cycloplegic drugs: cyclopentolate (cyclogyl; 1% "Thilo"; Alcon-Couvreur, N.V., Puurs, Belgium; Agepha, GesmbH, Wien) and tropicamide (mydriacyl; Mydriaticum "Agepha"; AGE-PHA, GesmbH, Wien), and finally by using phenylephrine (neo-synephrine; 2.5%). Cyclopentolate in both 1% and 2% concentrations is known to produce psychogenic side-effects. These occur mainly in children and are caused by its central nervous system actions (Awan, 1976; Binkhorst et al., 1963) . In a few cases some sideeffects in adults receiving 2% cyclopentolate (Awan, 1976) have been reported. Hence, the anterior structures of only three eyes were measured cycloplegic. One drop of 1% cyclopentolate was instilled, followed by another drop, 5 min later. After another 25 min, biometry was performed at the same angle between measurement direction and vision axis as it was in the non-cycloplegic case. For the investigation of the effect of tropicamide and phenylephrine, one drop of each of the two agents was instilled. After 30 min the measurements were performed. These four series of measurements--one non-cycloplegic, two cycloplegic, and one with phenylephrine--were performed with intervals of at least 2 weeks. They were performed during fixation of a target at infinity, all at the same angle between measurement direction and vision axis.
In a second study, the changes of the ocular components of the anterior segment of 10 healthy, volunteer eyes were measured during accommodation. These subjects suffered from no eye disease, to their knowledge, and were emmetropic (4-0.5 D SE) or moderately myopic, up to -5 D (SE). The refractive error was measured with an autorefractometer (Topcon KR 3500 Auto Kerato-Refraktometer). Ten measurements were performed with the autorefractometer of each eye. The mean value of the SE was calculated. The biometric study of the accommodative changes was carried out with the SPCI in the following way: the accommodation was monocular. This was achieved by offering a moveable fixation target (a crosshair) to the eye examined at the appropriate distance. A fixation distance ranging from 5 to 45 cm, as well as fixation of a target at infinity could be offered. It was assumed that this is the range of the greatest changes of the ocular components during accommodation. The anterior structures and their changes were measured, ranging from the nearest, individually determined, point of fixation (near point; puncture proximum) in focusing intervals of 2 cm (for myopic subjects) and 2--4 cm (for emmetropic subjects) until the target subjectively blurred and could no longer be fixated (distant point; punctum remotum), or the end of the rail carrying the fixation target (at 45 cm from the eye) was reached. The focusing distances could be adjusted with a ruler that was mounted on the rail. Measurements for each fixation distance were performed as soon as the subject reported seeing the crosshair clearly. On average, 14 different accommodative states, including fixation at infinity were measured in each eye. They were mainly performed parallel to the optical axis at an angle of 5 deg (±2 deg) temporal to the vision axis. Each state was measured eight times in each eye. Mean and standard deviation of the anterior chamber depth and the lens thickness were calculated for each state of each eye separately.
The SPCI yields optical distances. Hence for geometrical distances, these values have to be divided by the group refractive index of the respective medium for the wavelength used (2 ~ 855 nm) (Hitzenberger, 1991; Pancharatnam, 1963) . In this work values of 1.3851, 1.3454, and 1.4065 were used for the group refractive indices of cornea, aqueous, and lens, respectively (Hitzenberger, 1991) . The changes within the lens substance that create a change in refractive power and probably also in the refractive index during accommodation (Moses, 1987) were not considered in these conversions. A constant group refractive index for all accommodative states was assumed. During in viva measurements of the human eye, laser safety regulations have to be met. The superluminescent diode used in this work has a centre wavelength i M 855 nm with an intensity of about 220 PW or 572 pW/ cm* (averaged over a 7 mm aperture). This is allowed (American National Standards Institute, 1986) for about 28 min. One single measurement of the whole anterior segment, performed in this study, takes 2 sec. Performing 8-10 longitudinal scans at 14 states of accommodation takes less than 5 min. This is far below the safety limits. Figure 1 shows a typical measurement of the anterior structures of a non-cycloplegic eye during fixation at infinity. The interference fringe contrast is plotted vs the interferometer arm length difference. Maxima correspond to tissue interfaces within the eye. Their positions indicate the optical distance of the respective interface to the anterior cornea1 surface. To assess the whole anterior segment, a distance from -0.5 to +1 1 .O mm is scanned, which takes less than 2 sec. This measurement was performed at 6 deg temporal to the vision axis. In contrast to previous measurements of the anterior structures (Baumgartner et al., 1995) , the new SLD yields no subsidiary maxima, i.e., no erroneous peaks occur. Only signals originating at intraocular interfaces are detected. Four strong peaks can be distinguished. ACS and PCS are signals caused by light reflected at the anterior and posterior cornea1 surface. The distance between the centres of these peaks equals the optical cornea1 thickness. In this case the optical cornea1 thickness is 730.8 f 0.9 pm mean f standard deviation (SD): n = , which results in a geometrical thickness of 527.6 * 0.7 pm after dividing the optical thickness by the group refractive index of the cornea for the used wavelength (Hitzenberger, 199 1; Pancharatnam, 1963) . The signal peaks labelled ALS and PLS originate from the anterior and posterior lens surface. The distances between PCS and ALS, and ALS and PLS, respectively, equal the optical anterior chamber depth (ACD) and the optical lens thickness (LT). In this case the optical ACD = 3.746 f 0.016 mm (mean Z!Z SD; y1= 10) and the optical LT = 5.642 & 0.017 mm. After division by the group refractive index of the respective media (c.f.
RESULTS
Subjects and in vivo measurements) the geometric ACD = 2.784 % 0.013 mm and the geometric LT = 4.007 f 0.012 mm. All other measurements of the anterior structures during accommodation and for investigating the effect of cycloplegia were performed in the same way.
Effect of cycloplegia on measurements of the ocular components of the anterior eye segment
The ciliary muscle of the human eye is under the control of the parasympathetic nervous system and shows typical responses to the drugs that act on this system. Cycloplegics are drugs that paralyse the ciliary muscle. An agent that produces rapid, incomplete cycloplegia, and has a relatively short action is tropicamide (Mydriacyl). Cyclopentolate (Cyclogyl) is a more effective blocker with longer action. Sympathomimetic drugs such as phenylephrine (Neo-Synephrine) act primarily as mydriatics. No effect on the amplitude of accommodation has been reported for this agent (Moses, 1987) .
The anterior structures of three eyes fixating a target at infinity were measured under non-cycloplegic, and cycloplegic conditions (using cyclopentolate and tropicamide), as well as under phenylephrine. These subjects (cf. Subjects and in vivo measurements) were not optically corrected for infinity. The two myopes did not wear glasses during measurements. Figure 2 shows the anterior chamber depth and the lens thickness of one of these eyes--the emmetropic one--as a function of the agents used. Error bars (standard deviations) are also indicated in this figure. The results obtained in the anterior structures of the non-cycloplegic eyes and those under phenylephrine are quite similar: geometrical distances (in this case, 2.784 and 2.791 mm for the ACD; and 4.011 and 3.999 mm for the LT), and precision (in this case, 12.6 and 10.6 #m for the ACD; and 12.4 and 13.1/~m for the LT, respectively) are nearly equal. The precision improved to 5.6/tm for the ACD and to 6.9 #m for the LT in combination with tropicamide and to 0.7 ~m for the ACD and 1.8 #m for the LT in combination with cyclopentolate. Furthermore, an increase of the ACD from 2.784mm (non-cycloplegic), to 2.861 mm in combination with tropicamide and to 2.949 mm by using cyclopentolate can be observed. A correlated thinning of the LT from 4.011 mm (non-cycloplegic), to 3.909 mm in combination with tropicamide and to 3.820 mm by using cyclopentolate can also be seen in Fig. 2 . Measurements on the other two eyes showed similar results. Table 1 summarizes the effect of these three different agents compared with non-cycloplegic measurements. The values are means of the three eyes measured. We assume that especially in non-cycloplegic eyes and eyes instilled with phenylephrine some kind of residual accommodative changes take place, probably caused by instrument myopia, and influence the precision of the measurement of the anterior chamber depth and the lens thickness. Figure 3 shows these small fluctuations in accommodation in a non-cycloplegic eye, as well as under tropicamide and cyclopentolate. Since the results under phenylephrine are quite similar to those of noncycloplegic eyes, these are not shown in the figure. The ACD and the LT obtained in 8-10 consecutive measurements of the same eye non-cycloplegic and with tropicamide or cyclopentolate are shown as a function of time. In all three cases, an increase of the ACD is correlated with a simultaneous decrease of the LT and vice versa. The width of fluctuations of the ACD and the LT (as indicated in Fig. 3 ) decrease by using tropicamide and cyclopentolate. Hence, the precision is improved (as indicated in Fig. 3 ) and, furthermore, the absolute LT decreases and the absolute ACD increases constantly (as indicated in Fig. 3 ; cf. Table 1) .
Measurements of the anterior eye structures during accommodation
The changes of the ocular components of the anterior segment of both eyes of five healthy, volunteers---one female and four male--were investigated. These subjects were measured during accommodation from near point to far point (cf. Subjects and in vivo measurements). When the eye was adjusted to near vision (to the near point), the lens was more convex, resulting in a large LT. At the far point, the LT decreased to its minimum and the ACD increased to its maximum. Focusing distance was increased in steps of 2-4 cm until the far point of the eye or the maximum possible target distance, i.e., 45 cm was reached (cf.
Subjects and in vivo measurements).
From the absolute distances between cornea and near point, and comea and far point, the amplitude of accommodation was determined. From the ACD and the LT during fixation of the near point and the far point, the absolute change in ACD and LT, as well as the absolute position of the anterior and posterior pole of the lens could be determined very precisely. Changing the accommodation to the different focus distances, from near to far point, the incremental deepening of the anterior chamber and thinning of the lens could be measured. Figure 4 shows three typical measurements of the anterior structures of the eye during fixation at the near point, the far point and at a focusing distance of 26 cm. These scans are enlarged to show only the cornea and the anterior chamber (upper part) and the crystalline lens (lower part). In this case the optical corneal thickness is 739.3i1.1#m (mean value±SD), resulting in a geometrical thickness of 533.8 • 0.8/zm (cf. also Fig.  1 ). When fixating the near point, a distance of 26 cm, and the far point, the optical ACD of this eye increased from 3.440 ± 0.008 mm (mean value of 10 measurements and standard deviation) to 3.565±0.011 mm, and to 3.660 • 0.017 ram, respectively. After division by the group refractive index of aqueous (cf. Subjects and in vivo measurements) the corresponding geometrical The mean geometrical decrease of anterior chamber depth between fixation at the far and the near point of these 10 eyes was 186 4-89/~m (ranging from 46 to 301/~m). The mean geometrical increase of the lens thickness between fixation at the far and the near point was 258 4-119/~m (ranging from 51 to 401/~m). This shows that the absolute change of the ACD is approximately three-quarters (exactly 72%) of that of LT in these 10 cases. Table 2 summarizes these main results. Figure 5 shows three examples of the change of the ACD and the LT during accommodation from far point to near point. The ACD and the LT are plotted as a function of the distance between the cornea and the fixation target. This distance was incremented in steps of 2-4 cm. Error bars (indicating the standard deviation) are also shown in these figures. In all these, and also the other seven eyes a decrease of the ACD and a corresponding enlargement of the LT can be observed during fixation from the far to the near point.
Figure 5(a) shows the change of the ACD and the LT of an emmetropic eye . In this case the decrease of the anterior chamber depth between fixating the far point and the near point is 229/~m, the corresponding thickening of the lens is 322/tm. The near point of this emmetropic eye was at a distance of about 11 cm from the cornea. This yields an amplitude of accommodation of approximately 9 D if the far point is assumed at infinity. For the 20 different accommodation states that were measured in this eye, the geometric ACD was determined with a mean standard deviation of 8.6 #m, the geometric LT with a mean standard deviation of 10.1 pm. The fixation distance was incremented in steps of 2 cm until the end of the translation range of the target (at about 47 cm).
Figure 5(b) shows the case of a myopic eye (-2.75 D SE). In this case the decrease of the ACD between fixating the far point and the near point is 301/~m, the increase of the LT is 390/~m. Accommodation was possible from approximately 8 to 36 cm from the cornea. This yields an amplitude of accommodation of approximately 10 D. Furthermore a measurement of the attempt to focus at infinity was performed. For these 14 different accommodation states, the ACD was determined with a mean standard deviation of 6.9 #m, the LT with a mean standard deviation of 6.4/zm.
Figure 5(c) shows the case of a myopic eye (-4.25 D SE) with very small changes in the components of the anterior eye segment, Due to the high precision of this technique the differences in the ACD and LT could still be detected. In this case the thinning of the anterior chamber between fixating the far to fixating the near point is only 52 #m, the increase of the LT is only 66 #m. Accommodation was possible from approximately 13 to 25 cm distance from the cornea, resulting in an amplitude of accommodation of approximately 4 D. Furthermore, a measurement at attempted focusing at infinity was performed. For these eight different accommodation states, the ACD could be determined with a mean standard deviation of 2.8 #m, the LT with a mean standard deviation of 2.9/~m. All measurements of the FIGURE 3 (opposite). Anterior chamber depth and lens thickness of 8-10 consecutive measurements of the same eye non-cycloplegic (a), after instillation with tropicamide (b) and cyclopentolate (c). In all three cases, each increase of the anterior chamber depth is correlated with a simultaneous decrease of the lens thickness and vice versa. Due to the decreasing fluctuation of the anterior chamber depth and lens thickness, increased precision is observed with cyclopentolate. During accommodation from the distant point to the near point, the optical anterior chamber depth, i.e., the distance between the centres of peaks PCS and ALS, decreases from 3.660 mm (geometrical chamber depth: 2.720 mm) for fixation at the distant point, to 3.565 mm at 26 cm focusing distance (geometrical chamber depth: 2.650 mm), and to 3.440 mm (geometrical chamber depth: 2.557 mm) for fixation at the near point. The optical lens thickness, i.e., the distance between the centres of the peaks ALS and PLS, increases during accommodation from the distant point to the near point, from 5.756 mm (geometrical thickness: 4.092 mm) for fixation at the distant point, to 5.855 mm at 26 cm focusing distance (geometrical thickness: 4.163 mm), and to 6.067 mm (geometrical thickness: 4.314 mm), for fixation at the near point.
other seven eyes resulted in similar plots like those shown in Fig. 5 . Besides the changes of the ACD and the LT, the movement of the anterior and posterior pole of the lens with respect to the anterior corneal surface could be determined during accommodation. During accommodation from far to near point, the anterior pole of the lens moved an average geometrical distance of 185 + 89 #m (mean value i SD of 10 eyes ranging from 46 to 301/~m) forward, whereas the posterior pole moved an average geometrical distance of 69 i 39 #m (ranging from 6 to 123 #m) backwards. This movement of the anterior and posterior pole during accommodation is shown in Fig. 6 for an emmetropic eye (same eye as in Fig. 5(a) ). In this case the anterior pole of the lens moved a geometrical distance of approximately 228/tin forward, whereas the posterior pole of the lens moved a geometrical distance of about 75 #m backwards during accommodation from the far to the near point.
DISCUSSION
We have demonstrated that dual beam partial coherence interferometry, implemented in improved form in the SPCI, is able to measure intraocular distances of the anterior segment of the human eye in vivo with unprecedented accuracy and precision. The effect of cycloplegic drugs on the anterior segment was detected and differentiated. Furthermore, the change of the anterior chamber depth and the lens thickness, as well as the movement of the anterior and posterior pole of the lens during accommodation was quantified very precisely.
In a similar study, the anterior structures of 20 emmetropic to moderately hyperopic children were measured by A-scan ultrasonography to examine the effect of 1% tropicamide and 1% cyclopentolate on the precision (Zadnik et al., 1992; Mutti et al., 1994) . Although tropicamide, as expected, showed poorer cycloplegia as compared with cyclopentolate, only a minimal difference of effect of these drugs was observed in the measurements of the anterior chamber depth and the lens thickness. Measurement results of the ACD applying cyclopentolate were 70 ~m larger and the lens was 30 ~m thinner as compared with the results obtained with tropicamide. These changes have the same sign as those presented here, however, the amount of lens thinning is only half of the value we found. It should be mentioned that in the ultrasound study no difference in the precision of the measurements using either of these drugs could be detected and for both agents, the mean precision (SD) of ACD and LT measurements was only 240 and 140 #m (Mutti et al., 1994) . This is approximately 100-fold worse than the precision achieved with the SPCI. Optical scans of the anterior segment of the human eye recorded with the SPCI show very narrow signal peaks, resulting in a much better precision and resolution (both about 9/~m) than ultrasound A-scans. The precision could further be improved down to 1-2/~m by using cycloplegic agents. On the other hand, these results yield a direct estimation of the amount of residual accommodative changes of ACD and LT. In the present work, they are of the order of l0 pm for a relaxed eye focusing its far point. This is contrary to the common view (Moses, 1987) that no accommodative fluctuations should occur in this case. Perhaps this phenomenon is due to instrument myopia of the device, used in this study, since the LED, which is used as fixation light is perhaps not exactly collimated towards infinity, probably causing these detected, residual accommodations. This could also be the reason for the thinner cycloplegic lens, as it was measured in this study, compared with the noncycloplegic one. On the other hand, another group (Mutti et al., 1994) also reported a similar lens thinning when using cyclopentolate and tropicamide.
We performed calculations to estimate the change of refractive power of the lens (in D) associated with its change from the non-cycloplegic to the cycloplegic state. These calculations were based on the specifications of Gullstrand's schematic eye (Obstfeld, 1982) . Furthermore, a spherical surface was assumed on both sides of the human lens. The changed radii of curvature were calculated, assuming a constant lens volume and a threefold larger movement of the anterior lens pole compared with the movement of the posterior one, as described in this work. The effect of the lens core was neglected in these calculations, since only the thinning of the whole lens was assessed with the SPCI. With the new radii of curvature the changed refractive power was calculated (Gobrecht, 1987) . Based on these calculations, the refractive power of the cycloplegic lens should be 0.5-0.75 D lower than that of the non-cycloplegic, relaxed lens, the exact amount depending on the anatomical variation of the radii of curvature and the lens thickness. This is slightly larger than the depth of focus of the human eye. The precise depth of focus of the human eye depends on the axial eye length, pupil diameter, visual acuity, chromatic and spherical aberration, and the type of stimulus being viewed (Green et al., 1980) . Hence, a depth of focus ranging from ±0.10 (Green et al., 1980) ±0.25 D (Green & Campbell, 1965 ), to 4-0.43 D (Campbell, 1957 ) and 4-0.47 D (Charman & Whitefoot, 1977) are reported in the literature.
The changes of the ACD and the LT during accommodation reported in this study are quite similar to those found in a study with A-scan ultrasonography (Shum et al., 1993) . Nevertheless, one should take into account that a high interindividual difference of the alteration of the ACD and the LT was detected in the present work and that ultrasound measurements of the anterior eye segment have poorer precision and resolution. Furthermore, the ultrasound study was performed on a larger number of patients with an average age of approximately 20 years, using binocular accommodation. Monocular accommodation was employed in the present study and no corrective spectacles were used to offset any probable accommodation effect of the eye. The subjects determined when the crosshair of the fixation target could be seen clearly and when they were no longer able to focus it. Previous PCI measurements of the anterior segment during accommodation were also performed binocular (Baumgartner et al., 1995) . Offering the fixation target directly to the eye under investigation has the advantage of preventing vergence movements and, therefore, increasing precision. Besides the changes of the ACD and the LT during accommodation, the movement of the anterior and posterior pole of the lens could be investigated and quantified very accurately. In contrast to the common view that the posterior pole of the lens remains virtually fixed during accommodation, based on calculations of the size and the position of the Purkinje images (Moses, 1987) , a backward movement of the posterior pole of the lens during fixation from the far point to the near point could be assessed with the SPCI in the 10 eyes investigated. In the case of these 10 eyes, the forward movement of the anterior pole of the lens was measured to be approximately three times larger than the backward movement of the posterior pole during fixation from the far point to the near point.
It has been shown that the SPCI is a very useful instrument for high precision and high resolution measurements of the anterior segment of the human eye. It could be demonstrated that the precision of ACD and LT measurements is about 100-fold better than that of A-scan ultrasonography.
